Abstract
Introduction
cyclone that removed particles larger than 2.5 µm in diameter. The diffusion drying tubes 217 consisted of an inner tube of Nafion through which the aerosol sample flowed and an outer 218 tube of stainless steel through which purge air flowed. The RH of the aerosol sample could 219 be increased or decreased depending on the RH of the purge air. After this RH 220 conditioning, the aerosol sample was drawn into a plenum where the RH and temperature 221 of the aerosol sample were continuously monitored and then passed to the nephelometer.
222
This humidification system was able to achieve relative humidity values in the range 5- -Schmidhauser et al. [2010a] , at the Paul Scherrer Institut (PSI), built a 228 humidification system that was able to identify when aerosol particles were in a metastable 229 state (i.e., in the liquid phase below their DRH). In their system, the aerosol first entered a 230 humidifier, which consisted of a Gore-Tex tube surrounded by a thin water layer in a 231 temperature-controlled metal tube. Following the humidifier, the aerosol entered a dryer 232 that consisted of a single Nafion tube (Perma Pure LLC). The aerosol flowed through the 233 inner part of the tube and was dried by adjusting the flow of dry air on the outside of the 234 Nafion tube. Then, the scattering coefficient was measured by the nephelometer at a 235 controlled RH. A second, parallel nephelometer measured the scattering coefficient at dry 236 conditions. Combined temperature and capacitive RH sensors were used throughout the 237 system and inside the humidified nephelometer to measure air temperature and RH, 238 respectively. In addition, Fierz-Schmidhauser et al. [2010a] installed a dew point sensor inside the nephelometer to accurately calculate the RH inside the nephelometer.
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240
Nevertheless, due to the relatively long time response of the temperature sensor of the dew 241 point mirror (up to several minutes) these RH readings were only applicable during 242 constant RH conditions. During initial laboratory experiments Fierz-Schmidhauser et al.
243
[2010a] observed a temperature difference of about 4.5 ºC between the inlet and the sensing 244 volume of the nephelometer at 16.6 lpm caused by the heat of the halogen lamp (75 W) 245 used as the nephelometer light source. Consequently, the RH decreased from ~90% RH at 246 the nephelometer inlet to about 70% RH in the sensing volume. This is a common issue in 247 nephelometers with a halogen lamp light source [e.g. Carrico et al., 1998; Brem et al. 248 2012]. To reduce this temperature difference, Fierz-Schmidhauser et al. [2010a] placed an 249 air-cooled infrared filter between the lamp and the sensing volume. In addition, on the 250 outside of the sensing volume they placed cooling fins to enlarge the surface and four 251 additional blowers to adjust the nephelometer's temperature close to room temperature.
252
Similarly, Brem et al. [2012] modified the nephelometer by using a halogen lamp with 253 reduced wattage and by installing a hot mirror in front of the lamp to eliminate thermal 254 radiation. Similar to the Rood et al. [1985] design, in the system of Fierz-Schmidhauser et 255 al.
[2010a] the highest RH was achieved before the nephelometer. As a consequence, this 256 allowed for deliquescent particles to exist in two phases if their DRH had been exceeded at 257 any point along the sampling path. These particles remained liquid even if the RH was 258 subsequently lowered on the way to the nephelometer. Thus, in laboratory studies they 259 observed that the deliquescence step change appeared at a lower RH than in the literature.
260
Due to the limited drying capability of the dryer, the ERH could not be observed during 261 their laboratory and ambient measurements [Fierz-Schmidhauser et al., 2010a] . tandem system (aerosol conditioning system ACS1000). In the ACS1000 the aerosol flow 264 is split into two paths by an isokinetic flow splitter. The dry sample passes directly into one 265 of the nephelometers to measure the scattering coefficient at dry conditions. The other 266 sample is humidified to a predetermined RH set by the controller and then the scattering 267 coefficient is measured using an additional nephelometer. The humidifier consists of two 268 concentric tubes, the inner one is a Gore-Tex membrane tube surrounded by a thin Milli-Q 269 water layer in a heatable metal tube. The RH can be increased from around 40% up to 90% 270 with an accuracy of ±0.35% according to the manufacturer (http://ecotech.com/wp-271 content/uploads/2015/02/M010047-ACS-1000-User-Manual-1.0.pdf). The performance of 272 the system using laboratory generated aerosols and its use for ambient measurements have 273 not been addressed in detail in the literature. Zieger et al. [2015] reported a relatively good 274 agreement between the PSI humidograph system described in Fierz-Schmidhauser et al.
275
[2010a] and the Ecotech system during a recent deployment in Finland (see Section 4).
276
Scanning RH systems such as the ones described above have been widely used for 277 ground-based measurements. Several research groups have also deployed humidification 278 systems for nephelometers on airborne platforms [e.g. Hegg et al., 2008; Sheridan et al., 279 2012; Pekour et al. 2013] . However, due to variability in the aerosol and time needed to 280 scan through a range of RH, scanning systems are not practical for airborne applications. represents the apparent DRH point and γ1 and γ2 represent the scattering enhancement for scattering coefficient using Eq. 1 and assuming that γ ranges from 0 to 1 in steps of 0.01.
519
The chosen interval for γ covers the gamut from non-hygroscopic aerosol particles (γ equal 520 or close to 0, as can be the case of soot or dust particles) to very hygroscopic particles with 521 γ around 1 (e.g., marine aerosol). The γ parameter should be viewed here as a tool to 522 simulate different aerosol types (from very hygroscopic to hydrophobic aerosols). Finally,
523
we introduce a measurement uncertainty in RH of 3% and assume that the simulated wet coefficients at wet and dry conditions, as they would be measured using two 528 nephelometers, the scattering enhancement factor can be calculated.
529
This procedure was repeated 500 times using 9 random seeds spanning the entire error as a function of RH and γ, calculated considering that the reference RH is 0% ( Figure   539 2a) and that the reference RH is a random number in the range 0-40% (Figure 2b ). (Table 3) and smoke (Table 4 ). The tables list the measurement location (and study name if 558 appropriate), the study time period, the dominant aerosol type, the size cut, the f(RH) value,
559
the RH range used to compute f(RH) and the reference. Most measurements were done with 560 a PM10 size cut, although a variety of other size cuts were also used (e.g. PM1, PM2.5, PM4).
561
Because f(RH) depends on particle size, the size cut can be an important factor influencing the magnitude of the measured f(RH Dust particles are reported to be one of the atmospheric aerosol constituents with 599 the lowest hygroscopicity. According to the studies reviewed in Table 3 , f(RH) values for 600 dust dominated situations ranged from 1.1 to 2.1. The largest values were reported during 601 ACE-Asia campaign [Kim et al., 2006; Carrico et al., 2003] where marine aerosol may 602 have also been mixed in, leading to an increase scattering enhancement. (Table 3 ) and for volcanic ash ( , 2005; Baynard et al., 2006; Titos et al., 2014b; Zhang et al., 2015; Zieger et al., 2014; 645 Zieger et al., 2015] the humidifier are also necessary to know the RH to which the aerosol has been 741 exposed.
603
742
 Sample residence times inside the humidification system may affect observations of 743 hygroscopic growth as some aerosol types require longer to equilibrate to the RH to 744 which they are exposed. and yellowish bars respectively refer to polluted conditions.
745
